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The establishment of symbiosis between leguminous plants and rhizobial bacteria requires rapid
metabolic changes in both partners. We utilized untargeted quantitative mass spectrometry to per-
formmetabolomic proﬁling of small molecules in extracts of the model legumeMedicago truncatula
treated with rhizobial Nod factors. One metabolite closely resembling the 9(R)-HODE class of oxyli-
pins reproducibly showed a decrease in concentration within the ﬁrst hour of in planta nod factor
treatment. Oxylipins are precursors of the jasmonic acid biosynthetic pathway and we showed that
both this metabolite and jasmonic acid inhibit Nod factor signaling. Since, oxylipins have been
implicated as antimicrobial compounds produced by plants, these observations suggest that the
oxylipin pathway may play multiple roles in facilitating Nod factor signaling during the early stages
of symbiosis.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Legumes are central to agriculture because of their ability to
associate with nitrogen-ﬁxing bacteria. This symbiotic association
allows legume crops to grow with little or no nitrogen fertilizer in-
puts and helps in replenishing nitrogen resources in the soil.
Hence, there is considerable interest in deciphering the molecular
events that allow legumes to recognize their microbial symbionts,
develop root nodules, and ﬁx atmospheric nitrogen [1]. Upon per-
ception of ﬂavonoids and isoﬂavonoids secreted from legume
roots, symbiotic bacteria secrete lipochitooligosaccharidic signal-
ing molecules, known as Nod factors (NF) [2]. These NF are per-
ceived by NF-receptors on the plasma membrane, whichchemical Societies. Published by E
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an).activates intricate signaling events within the cytoplasm and the
nucleus of legume root cells [3]. Medicago truncatula (Medicago)
is a model legume for studying the molecular mechanisms mediat-
ing legume–rhizobia interactions [4]. To identify metabolite
changes that occur during the early phase of legume–rhizobia
interactions, we used mass spectrometric-based untargeted meta-
bolomics proﬁling technologies to analyze tissue from Medicago
plants treated for 1 h with NF puriﬁed from Sinorhizobium meliloti.
Metabolomics is a valuable technology which provides compre-
hensive quantitative proﬁling of metabolites in biological systems
[5,6], and liquid chromatography coupled with mass spectrometry
is one of the most widely-used analytical tools for such untargeted
studies of the metabolome. In this study, small molecules involved
in the very early stages of NF signaling were analyzed using an
untargeted approach in which 1448 unknown compounds (with
differing exact mass and retention time i.e. ‘features’) were sepa-
rated, identiﬁed, and quantiﬁed. Liquid chromatography was per-
formed using reverse phase and HILIC separations, coupled with
electrospray ionization in both positive and negative modes with
an Agilent LC–ESI-TOF mass spectrometer. Metabolites which were
differentially regulated by NF treatment were identiﬁed and spe-
ciﬁc candidates were further studied using targeted analyses
[7,8]. Optimized HPLC–ESI-MS/MS methods were employed in fol-lsevier B.V. All rights reserved.
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ical replicates. From C18 negative analysis, two features with iden-
tical m/z but different retention time were identiﬁed that
reproducibly decreased in intensity, suggesting an early role in
the symbiotic signaling pathway. By comparing the exact mass,
retention time, and MS/MS spectra of the unknown metabolite
with chemical standards, the identity of this compound was shown
to closely resemble oxylipins. This class of compounds has been
implicated in two areas of plant metabolism involving interaction
with bacteria: either directly as antimicrobial defense compounds
[9,10] or as precursors in the biosynthesis of jasmonic acid (JA), a
phytohormone involved in activating the plant’s response to
pathogens and decreasing the response to rhizobia [1,11–14]. Thus,
NF-induced rapid decline in oxylipins may be part of the mecha-
nism by which legumes turn down their defense responses and
facilitate NF signaling, so as to facilitate their association with sym-
biotic bacteria.
2. Materials and methods
A schematic ﬂowchart of the metabolomics strategy used in this
study is illustrated in Fig. 1. The plant extract was ﬁrst subjected to
untargeted analysis using LC–MS and exact mass features from bio-
logical and technical replicates were aligned using XCMS [15]. Sta-
tistical tools (DAnTE) [16] were used to evaluate these datasets to
enable screening of features and selecting of a small number of
metabolites that changed two fold or more with high conﬁdence
after treatment. To aid in their structural identiﬁcation, the accurateFig. 1. Schematic ﬂowchart of the metabolommass of the selected features was searched in metabolomic dat-
abases (i.e. Metlin, BMRB, and HMDB). Selected candidates were
analyzed by a targeted approach andwe further tested their biolog-
ical relevance based on their role in different biological pathways.
2.1. Reagents
0.1% Formic acid in water and acetonitrile (Optima LC/MS
grade) were obtained from Thermo Fisher Scientiﬁc (Waltham,
MA). Metabolite standards 9-HODE, 13-HODE, 9(10)-EPOME, and
12(13)-EPOME were obtained from Cayman Chemical Company
(Ann Arbor, MI).
2.2. Plant growth and treatment
M. truncatula Jemalong A17 seeds were surface sterilized, acid
scariﬁed and germinated as described [17]. Two-day-old seedlings
were placed on plates containing modiﬁed Fahraeus medium over-
laid with sterile germination paper, and grown for 4 days in dark.
The seedlings were ﬂood inoculated with 108 M puriﬁed NF and
sampled 1 and 12 h after treatment [17]. Additionally, in some
experiments, two-day-old germinated seedlings were placed in a
250 ml ﬂask containing 150 ml of sterile Fahraeus medium supple-
mented with 1% (w/v) glucose, and grown in dark at room temper-
ature with shaking (Lab-Line Orbit shaker), at a speed of 100 rpm,
for 7 days. Plants were treated by submersion in Fahraeus medium
with and without 108 M puriﬁed NF for 1 and 12 h followed by
immediate processing.ic proﬁling strategy used in this study.
Fig. 2. Extracted ion chromatogram of the 295 m/z feature for samples treated with (red) or without (blank) Nod factor for 12 h.
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Plant tissue was ﬂash frozen in liquid nitrogen. Frozen tissue
was lyophilized overnight and ground to a ﬁne powder using a
mortar and pestle. The metabolite fraction was extracted from
the powder using 92% (v/v) methanol containing 0.1% (v/v) formic
acid at a ratio of 1 g powder to 4 ml extraction solvent. The extrac-
tion was centrifuged at 4500 rpm in Beckman Coulter Allegra 25 R
centrifuge with Rotor 5-5.1 for 20 min at 4 C and the supernatants
were collected.
2.4. Untargeted metabolomics analysis by LC–ESI-TOF mass
spectrometry
Eight microliters of each sample was injected into an Agilent
1200 HPLC system coupled to an electrospray time-of-ﬂight mass
spectrometer (Agilent MSD-TOF). Solvent A was 0.1% (v/v) formic
acid in water and the mobile phase solvent B was 0.1% v/v formic
acid in acetonitrile. Separation of metabolites was performed on a
ZORBAX C18 column (Agilent) using the following gradient: solvent
B started at 2% and held for 2 min; increased from 2% to 50% over
28 min; increased from 50% to 98% over 15 min; decreased from
98% to 2% over 1 min; and then held at 2% for 14 min for equilibra-
tion. The ﬂow rate was 250 ll/min and the autosampler tempera-Table 1
Results of 295 m/z features analysis from (A) untargeted and (B) targeted metabolomics s
Feature Exp. No. No. biological replicates Treatment tim
A
295(1) Exp 1 4+/4 1
295(2) Exp 1 4+/4 1
295(1) Exp 2 4+/4 1
295(2) Exp 2 4+/4 1
B
295(1) Exp 1 4+/4- 1
295(2) Exp 1 4+/4 1
295(1) Exp 2 4+/4 1
295(2) Exp 2 4+/4 1ture was maintained at 4 C. The order in which the samples were
listed was randomized. Mass spectral data were acquired from m/
z 50 to 1700 in both positive and negative electrospray modes.
2.5. Targeted metabolomics analysis by LC–ESI-QTrap mass
spectrometry
Eight microliters of each sample were injected into an Agilent
HPLC system coupled to an Applied Biosystems 3200 QTRAP mass
spectrometer equipped with electrospray ionization (ESI) source.
Solvent A was 0.1% formic acid in water and mobile phase B was
0.1% formic acid in acetonitrile. Separation was achieved on a ZOR-
BAX C18 column (Agilent). The gradient was modiﬁed to shorten
the separation time as follows: solvent B started at 30% and held
for 5 min; increased from 30% to 50% over 5 min; increased from
50% to 100% over 10 min; held at 100% for 5 min; decreased to
30% over 1 min; and held at 30% for 15 min to equilibrate. The ﬂow
rate of the mobile phase was 200 ll/min and the autosampler tem-
perature was maintained at 4 C. Mass spectral data were acquired
using the SRM (selected reaction monitoring) method in negative
electrospray mode. The transitions monitored were mass-to-
charge ratio (m/z): m/z 295.3?277.3 for 295 feature (1); m/z
295.3?141.2 for feature (2); m/z 295.3?195.2 for 13-HODE;
295.3?171.1 for 9-HODE.tudy.
e (h) Targeted or nontargeted Fold change p-Value
Untargeted 0.54 0.040
Untargeted 0.75 0.371
Untargeted 0.89 0.575
Untargeted 0.35 0.064
Targeted 0.62 0.041
Targeted 0.89 0.664
Targeted 0.44 0.003
Targeted 0.34 0.024
Fig. 3. Use of retention time to compare the unknown with the HODE and EPOME standards.
Fig. 4. Fragmentation spectra of unknown features.
N. Zhang et al. / FEBS Letters 586 (2012) 3150–3158 3153
Fig. 5. Fragmentation spectra of the HODE standards.
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For untargeted analysis, data were translated from .wiff data ﬁle
to .d ﬁle and then converted from .d ﬁle to mz data ﬁle. The XCMS
software package was used to identify and align peaks from the m/
z data ﬁle in order to compare the difference between treated and
control samples. A table was generated of extracted ion chromato-
graphs for the top 100 differentially identiﬁed features. The Stu-
dent’s t-test was performed on each feature using Microsoft
Excel. For structural identiﬁcation, features with a p-value < 0.05
and a fold-change > 1.5 were searched based on accurate mass in
the Biological Magnetic Resonance Data Bank [18]. The DAnTE soft-
ware package was used for further statistical analysis. For targeted
analysis, data were processed using the Analyst software in quan-
titative mode. Microsoft Excel was used to calculate fold-changes
and Student’s t-test statistics.
2.7. Effect of oxylipins and JA on ENOD11 expression
A Medicago line stably transformed with a pENOD11-GUS re-
porter was used for this study [19]. Ten days old seedlings
(n = 30) were pre-treated with 9(R)-HODE and 13(R)-HODE
(10 lM, Cayman Chemical) and JA (10, 100 lM, Sigma–Aldrich)
1 h before application of 108 M puriﬁed NF. Modiﬁed Fahraeus
medium was used to dilute oxylipins and JA but also for mock
treatments and pre-treatments [17]. Two hours after NF treatment,
the roots were excised to evaluate ENOD11 expression using a GUS
assay as described previously [19,13].
Similarly, 2 h after NF treatment, the root tissues were ﬂash-fro-
zen in liquid nitrogen for total RNA isolation using plant RNeasy
miniprep kit (QIAGEN). The RNA preparations were treated with
DNA-free (Ambion) to remove residual genomic DNA contamina-tion and quantiﬁed using NanoDrop. From each sample, 1 lg total
RNA was used for cDNA synthesis using RevertAid ﬁrst strand
cDNA synthesis kit (Fermentas). Semi-quantitative RT-PCR was
performed to monitor the expression level of ENOD11 and NIN.
MtActin and MtEF1a were used as reference genes. The primers
used were: ENOD11 (CTCCATCCCACAATATGCCTCC and ATGGATG-
CTAGGTGGAGGCT); NIN (GGAAGATTGAGAGGGGAAGCTT and
GCAATGTGGGGATTTAGAGATT); MtActin (GCAGATGCTGAGGATAT-
TAACCC and CGACCACTTGCATAGAGGGAGAGG);MtEF1a (GTCAAA-
ACATGGTTGCTGCACAAGC and TTAGGTCACAAGGCAGATTGCAGG).
PCR cycling conditions comprised an initial denaturation step at
95 C for 2.30 min, followed by 22 cycles at 95 C for 30 s, 58 C
for 30 s, and 72 C for 45 s and ﬁnal elongation step at 72 C for
4 min.
3. Results
3.1. Comparison of methods for untargeted metabolomics analysis
To determine the optimum methodology for small molecule
proﬁling, HILIC and reversed phase liquid chromatography with
C18 columns were used to separate the metabolites. Both positive
and negative mode electrospray were used with each chromato-
graphic method to ionize the metabolites, which were then
detected by mass spectrometry. The largest number of features
were identiﬁed using the HILIC/negative ESI method, and both
HILIC methods identiﬁed more features than the C18 methods.
However, because of ion suppression problems associated with
HILIC, the C18-based methodology was favored. When using C18
columns for separation, negative mode detected signiﬁcantly more
features than positive mode and this method was selected for
further metabolomic analysis.
Fig. 6. Fragmentation spectra comparison between 295 (1) of the sample and a mixture of 9 HODE and 13 HODE standards.
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Untargeted metabolomic analysis was performed using a C18
column and gradient of increasing volumes of 0.1% formic acid in
acetonitrile relative to 0.1% formic acid in water by negative mode
on an LC–ESI-TOF with samples obtained at 1 and 12 h after NF
treatment. Two separate experiments with 4 and 5 biological rep-
licates, respectively, were analyzed for samples collected 12 h after
NF treatment. Similarly, two separate experiments with 4 biologi-
cal replicates were analyzed for samples collected 1 h after treat-
ment with NF. Our untargeted metabolomic analysis on samples
collected 12 h after NF treatment identiﬁed a signiﬁcant reduction
in the concentration of two features at 295m/z upon NF treatment.
These two features at 295 m/z eluted at different retention times.
The feature which eluted ﬁrst was labeled as 295(1) and the fea-
ture that eluted second was labeled as 295(2). Fig. 2 shows the ex-
tracted ion chromatography of the 295(2) feature. In order to
understand the role of 295 m/z features in early symbiotic signal-
ing, we monitored the concentration of these metabolites in addi-
tional experiments. In both independent experiments, the average
concentration of 295 m/z features decreased after NF treatment,
however the reduction was not statistically signiﬁcant at p < 0.05,
probably due to biological variability (Table 1A).
3.3. Targeted metabolomics analysis using C18 negative method
To further evaluate the concentration of metabolite feature 295
m/z 1 h after NF treatment, a targeted metabolomics study was
conducted. The EPI (enhanced product ion) method was built to
monitor the fragmented ions of each 295m/z features after separa-
tion by LC. Fig. 4 shows the fragmentation of the two 295 m/z fea-
tures. The two fragmented ions, 277.3 m/z and 141.1 m/z, whichhad the most intensive signal for each feature, were chosen for
monitoring in SRM (selected reaction monitoring) method. Table
1B displays the result of targeted analysis for the two 295 m/z fea-
tures 1 h after NF treatment. These analyzes were repeated twice
(Table 1B). The feature 295(1) was consistently decreased at a sig-
niﬁcant level (p-value < 0.05) after NF treatment in two separate
targeted experiments. The 195.2 and 171.1 m/z were also moni-
tored to differentiate between 9-HODE and 13-HODE in the
295(1). Both 9-HODE and 13-HODE decreased after 1 h treatment,
with a fold change of 0.79 for 9-HODE and 0.69 for 13-HODE.
Quantitative comparison of spectral intensities of the unknown
metabolite with authentic standards of 9-HODE and 13-HODE indi-
cate that the in planta concentrations are 0.02 and 0.06 nmols/g
tissue in the untreated Medicago plants for these two compounds,
respectively. With a measured water content of 89.8% for plants
grown under these conditions, this translates into concentrations
of ca. 2 and 6 nM, for 9- and 13-HODE, respectively.
3.4. Identiﬁcation of unknown 295 m/z features
To identify the metabolite features corresponding to 295 m/z,
three major steps were followed. First, the exact mass of the fea-
ture was searched in databases (BMRB and METLIN) to obtain all
possible formulations, according to the accurate molecular weight
match. This resulted in the identiﬁcation of four potential candi-
dates all belonging to the oxylipin family of compounds: 9-HODE
and 13-HODE, which are monohydroxy fatty acids resulting from
the non-enzymatic oxidation of linoleic acid; and 9(10)-EpOME
and 12(13)-EpOME, which are epoxides of linoleic acid.
Second, the number of candidates were narrowed further by
comparing the retention time between standards and the un-
known. The samples were also spiked (with 9-HODE and 13-HODE)
Fig. 7. Effect of oxylipins (9(R)-HODE and 13 (R)-HODE) and JA on Nod factor (NF)-induced ENOD11 expression in Medicago roots. Oxylipins were applied 1 h before NF
treatment. GUS assays were performed 2 h after NF treatment to detect ENOD11 expression. (A and B) Pre-treatment with mock, (C) 100 lM JA pre-treatment, (D) 10 lM JA
pre-treatment, (E) 10 lM 9(R)-HODE pre-treatment, (F) 10 lM 13(R)-HODE pre-treatment. (A) Treatment with mock. (B–F) Treatment with puriﬁed NF. Scale bar = 2 mm.
Fig. 8. Semi-quantitative RT-PCR detection of Nod factor-induced MtENOD11 and
MtNIN expression upon pre-treatment with oxylipins 9R-HODE, 13R-HODE and
jasmonic acid. MtACTIN and MtEF1a were used as reference genes. (1) Mock treated
with water; (2) NF treatment alone; (3) 9R-HODE (10 lM) + NF; (4) 13R-HODE
(10 lM) + NF; (5) JA (10 lM) + NF; (6) JA (100 lM) + NF. 9R-HODE inhibited NF-
induced ENOD11 expression similar to JA, while MtNIN expression was unaffected
by both 9R-HODE and JA.
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that both 9-HODE and 13-HODE have the same retention time with
the unknown [295(1)], while 9(10)-EpOME and 12(13)-EpOMEhave different retention times (Fig. 3). Hence, the EpOME deriva-
tives were excluded from the list of potential candidates.
Third, the MS/MS fragmentation patterns of the unknown were
compared with that of the standards. Fig. 4 shows the fragmenta-
tion of the 295(1) unknown and Fig. 5 shows the fragmentation of
HODE standards. We observed that a combination of the two stan-
dards has the correct fragmentation with the unknown, as shown
in Fig. 6. Our analyses thus suggest that the feature corresponding
to 295(1) was most likely a mixture of 9-HODE and 13-HODE.
Other structural variants of HODE and EpOME are known to exist,
but the compounds are not easily obtained. The fragmentation pat-
tern and exact mass information suggests that the feature corre-
sponding to 295(2) could be a combination of HODE and EpOME
with different double bonds and epoxy functional group
arrangements.
3.5. Effect of oxylipins on NF-induced ENOD11 expression in Medicago
JA regulates the NF signaling pathway and expression of early
nodulation-speciﬁc (nodulin) genes such as RIP1 and ENOD11
[13,14]. Given that oxylipins are involved in JA biosynthesis, we
tested the effect of identiﬁed oxylipins on nodulin gene expression
in response to NF. 9(R)-HODE and 13(R)-HODE (10 lM) and JA (10
and 100 lM) were applied to the roots of a Medicago line stably
transformed with a pENOD11-GUS reporter 1 h prior to NF-treat-
ment [19]. ENOD11 expression was monitored 2, 4, 6 and 12 h after
NF-treatment using GUS assays (Fig. 7B). At later time points (4, 6
N. Zhang et al. / FEBS Letters 586 (2012) 3150–3158 3157and 12 h after NF-treatment), pre-treatment with HODEs (10 lM)
did not have any impact on the NF-induced ENOD11 expression,
as the expression level of pENOD11:GUS was comparable to that
of control (data not shown). Interestingly, when monitored at 2 h
after NF treatment, 9(R)-HODE (10 lM) inhibited ENOD11 expres-
sion (Fig. 7E) but 13(R)-HODE did not (Fig. 7F). Similarly, JA inhib-
ited NF-induced ENOD11 expression at 10 and 100 lM (Fig. 7C and
D) as shown previously [13]. We also conﬁrmed the inhibitory ef-
fect of 9(R)-HODE on NF-induced expression by semi-quantitative
RT-PCR. As loading control we used two reference genes (MtActin
and MtF1a). We also monitored the effect on M. truncatula Nodule
Inception (NIN) expression, which is an early marker for activation
of the NF infection pathway, encoding a transcription factor re-
quired for both infection thread formation and cortical cell divi-
sions during nodule organogenesis [20]. However, NIN is not
essential for early NF signaling pathway [20]. NF induced the
expression of ENOD11 and NIN. However, pre-treatment with
9(R)-HODE inhibited ENOD11 expression similar to JA (10 and
100 lM), but not with 13(R)-HODE (Fig. 8). Since pre-treatment
with JA (10 and 100 lM) or the HODEs did not inhibit NF-induced
NIN expression (Fig. 8), these data suggest that while down-regula-
tion of 9(R)-HODE by bacterial NF might be involved in the symbi-
otic signaling pathway, it is not required for the infection pathway.4. Discussion
Our metabolomic study aimed at proﬁling as many small mole-
cules as possible which are regulated by NF treatment. To identify
an array of chemically diverse compounds, we adapted different
methods, including two chromatography and two ionization
modes. HILIC and C18 are two complementary separation methods
which can proﬁle both hydrophilic and hydrophobic compounds.
From these chromatography data, we found that one of the four
LC methods can be avoided because most of the small molecules
have been detected in another run. HILIC data are difﬁcult to utilize
because of suppression and poor peak shape. After evaluating the
data and the methods by statistic tools (DAnTE software), C18 in
the negative mode was chosen as the optimal method for an untar-
geted metabolomics study, of Medicago extracts.
Here we report that NF perception by roots results in a reduc-
tion of concentration for metabolites with 295 m/z. BMRM data-
base search based on accurate mass-match identiﬁed these
metabolite features as oxylipins, which are a group of metabolites
derived from the oxidation of polyunsaturated fatty acids (PUFA),
which include a-dioxygenase products, hydroperoxides, ketotri-
enes, ketodienes, epoxides, allele oxide synthase products, and
jasmonates [21]. We tested the effect of two oxylipin candidates
(9(R)-HODE and 13(R)-HODE) on NF signaling. 9(R)-HODE re-
pressed NF-induced ENOD11 expression in Medicago suggesting
that the metabolite with 295 m/z which is down-regulated upon
NF perception may be 9(R)-HODE. The failure of 9(R)-HODE and
JA in repressing NF-induced NIN expression suggest that they act
as negative regulators of NF signaling pathway, but not the infec-
tion pathway.
Oxylipins are important signaling molecules involved in the de-
fense responses of plants to protect their tissues against attack by
herbivores or pathogens [22]. Several oxylipins possess antimicro-
bial properties against bacterial and fungal plant pathogens
[23,9,10]. The presumed functions of oxylipins include antimicro-
bial activity, stimulation of plant defense reactions, and regulation
of plant cell death [10]. It is therefore possible that legumes de-
crease their production of antimicrobial oxylipins to accommodate
the entry of symbiotic bacteria.
Lipoxygenases (LOX) play a major role in the biosynthesis of JA
and oxylipins. LOX are involved in the oxidation of PUFA, such aslinolenic acid (18:3), which results in the formation of 13-hydro-
peroxide, a precursor of both HODE and JA. The role of LOX in le-
gume–rhizobia symbiosis has been well investigated. LOX have
been detected in the nodule cortex and especially in the cytosol
of uninfected nodule cells, but they were absent in infected nodule
cells [24]. Similarly, another protein involved in jasmonic acid (JA)
biosynthesis, the allene oxide cyclase (AOC), was also localized to
uninfected nodule cells of the proximal part of the preﬁxation
and ﬁxation zones [25]. These observations suggest an inhibitory
role for LOX in rhizobial entry and nitrogen ﬁxation.
Among the oxylipins, jasmonates are the best characterized
fatty acid-derived hormones in plants [26] and are major players
in the systemic acquired resistance (SAR). JA signaling is crucial
for plant stress responses following wounding, interaction with
pathogens, ultraviolent light, and insect attack [9]. JA also acts as
a negative regulator of nodulation affecting both early signaling
and nodule organogenesis. Application of JA reduces the frequency
of NF-induced calcium spiking, expression of early nodulin genes,
and nodule development [13,14]. Hence, a decrease in oxylipin
concentrations may result in reduced JA availability, allowing the
maintenance and maybe the enhancement of legume responses
to microbial symbiotic signals.5. Conclusion
We found oxylipin-related compounds decrease in abundance
after NF treatment. We demonstrated that oxylipin 9(R)-HODE
negatively regulates early NF signaling in Medicago. Given the role
of oxylipins as an antimicrobial compound and as precursors for
the biosynthesis of JA, we hypothesize that an early response of le-
gumes to soil rhizobia is to down-regulate their oxylipins, allowing
NF signaling and bacterial entry.
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